Abstract Information sharing practices such as vendor-managed inventory (VMI) give
Introduction
Lack of demand visibility has been identi®ed as an important challenge for supply chain management (Chen, 1998; Lee, 2002; Lin et al., 2002) . Commonly, the only factual demand information companies have access to, are the orders placed by their customers (Cachon and Fisher, 2000) . As both practice and research has shown, order information often gives a delayed and distorted picture of end customer demand and what actually happens in the market. The distortion tends to increase upstream in the supply chain, making demand look variable and unpredictable even when end customer demand is level. Controlling production and inventories based on this¯awed demand information easily leads to inef®cient capacity utilization, poor product availability, and high stock levels. (Forrester, 1961; Houlihan, 1987; Burbidge, 1989; Towill et al., 1992; Lee et al., 1997a) .
To remedy this problem and to obtain a smoother material¯ow, companies have started to develop replenishment methods that operate without orders.
One of the most common types of these automatic replenishment programs is vendor-managed inventory or VMI (Daugherty et al., 1999) . In VMI, the vendor is given access to its customer's inventory and demand information. The vendor monitors the customer's inventory level and has the authority and the responsibility to replenish the customer's stock according to jointly agreed inventory control principles and objectives (Cachon and Fisher, 1997; Waller et al., 1999; Kaipia et al., 2002) . VMI offers the vendor access to its customer's sales information, sometimes called sell-through information, rather than its orders. This means that one level of order batching is removed, allowing for more accurate, more rapidly available, and more level demand information. In addition, since the vendor is free to choose the timing of the replenishment shipments, it can further dampen demand peaks, for example, by delaying noncritical replenishments (Kaipia et al., 2002) . Daugherty et al. (1999) examined the adoption and performance of automatic replenishment programs through a survey of US manufacturers and retailers. The results, although based on a small sample, indicated fairly widespread use, or plans for future use, of automatic replenishment programs in general, and VMI in particular. Furthermore, the study found a positive relationship between automatic replenishment programs and company performance.
Several case studies indicate that the bene®ts of VMI in the area of production planning and inventory control can be signi®cant. Kaipia et al. (2002) have demonstrated that implementing VMI can enable substantial inventory reductions as well as an opportunity to shift from make-to-stock to make-to-order production. Success stories from the industry demonstrate the potential of VMI in practice; companies have reported inventory reductions, improved customer service, and reduced obsolescence as the results of VMI adoption (Fraza, 1998; Holmstro Èm, 1998; Kaipia et al., 2002) .
Still, many companies are struggling to make VMI work for them. Vergin and Barr (1999) studied ten Fortune 500 consumer products manufacturing companies involved in VMI. They concluded that although the companies' VMI customers had bene®ted from improved availability and lower stock levels, only two of the manufacturing companies had been able to realize improvements in their management of production and only one had achieved lower internal inventories. Cooke (1998) and Lapide (2001) report similar ®ndings: although some companies promote VMI, many are retreating from the concept, and especially manufacturing companies are skeptical about the bene®ts of VMI.
A major challenge for manufacturing companies is that usually, only part of their customer base is involved in VMI. This means that the manufacturers need to set up their operations in a way that both VMI and non-VMI customers simultaneously can be ef®ciently served. However, research has mainly focused on the ideal situation of the manufacturer having access to sell-through data from all of its downstream partners, or the relationship between only one Increasing demand visibility vendor and one customer. Hence it has provided only little support for companies struggling with limited visibility and a heterogeneous customer base.
In this paper, we study how manufacturing companies can bene®t even from a partial increase in demand visibility. We look at a situation where a manufacturer loads its production with a combination of order data from non-VMI customers and sell-through data from a varying number of VMI customers. Using simulation, we examine how the manufacturer's bene®t, measured as reduced variability of its production load, increases as the number of VMI customers increases. We also demonstrate how the bene®t of VMI is dependent on certain product demand characteristics and on the production planning cycle employed by the manufacturer.
Literature review

Supply chain visibility
In his seminal work on industrial dynamics, Forrester (1961) ®rst demonstrated the potentially devastating phenomenon of variability ampli®cation along the supply chain. He showed that ampli®cation is caused by system structure, delays in decisions and actions, as well as inventory control policies. Later on, other researchers such as Houlihan (1987) , Towill (1991) , and Lee et al. (1997a) have further developed the theory of industrial dynamics.
During the last few years, following the advent of enabling technologies, the role of information sharing as a means of reducing bullwhip in the supply chain has received great interest. Forrester (1961, p. 177) himself touched on this issue, only implicitly, by demonstrating how ampli®cation could be reduced by removing the distributor echelon in the simulations.
Based on a thorough analysis of the bullwhip effect, Lee et al. (1997b) suggested that ªone remedy [to the bullwhip problem] is to make demand data at a downstream site available to the upstream siteº. Later, Lee et al. (2000) validated this ®nding using mathematical modeling. Several other researchers have also examined this claim. Chen et al. (2000) used mathematical modeling to examine the effect of information sharing, forecasting and lead times on the bullwhip effect, and concluded that although access to customer demand information does not completely remove the problem of variability ampli®cation it can signi®cantly reduce it. Yu et al. (2000) used a case example to illustrate the bene®ts of different levels of information sharing and concluded that a VMI approach brings remarkable bene®ts to the vendor, and pro®ts the customer as well.
To summarize, several researchers present the same conclusion: information sharing in the supply chain is valuable (Chen et al., 2000; Lee et al., 2000; Yu et al., 2000) . Many also present the same observation of upstream parties bene®ting more from access to downstream demand data than the downstream parties sharing the information (Lee et al., 2000; Yu et al., 2000) . Interestingly, IJPDLM 33, 4 this latter research ®nding is in striking contrast with the observations of, for example, Lapide (2001) , Cooke (1998) and Vergin and Barr (1999) who describe the dif®culties of manufacturing companies in bene®ting from VMI and how the interest in VMI has decreased among manufacturers. Cachon and Fisher (2000) have also, based on a simulation study, concluded that for stationary demand the bene®ts of more frequent ordering and timely processing outweigh the bene®ts of information sharing. Lapide (2001) suggests that the main reason why manufacturing companies have failed to bene®t from VMI is that they have only implemented the execution part of VMI, i.e. the sales and distribution transactions. He claims that the companies have not managed to link the demand information, i.e. the customer sell-through information available through VMI to their production planning and inventory control systems. This corresponds with our own experience; most of the VMI implementations the authors have seen have lacked this link to supply chain planning. Consequently, one can conclude that linking demand information to supply chain planning seems to be of critical importance to bene®ting from visibility efforts such as VMI. Clark and Scarf (1960) were among the ®rst to study the problem of replenishing a complex supply chain in a reliable, cost-ef®cient way. They developed a model for calculating optimal stock levels and re-order quantities in a two-echelon supply chain. The work of Clark and Scarf (1960) was further developed by companies creating models that enabled dynamic and continuous supply chain optimization. Building on industrial work (e.g. Stenger and Cavinato, 1979) , Bookbinder and Heath (1988) developed the concept of distribution requirements planning (DRP). The idea of DRP was to minimize inventory and cost in the distribution system for a certain service level and demand forecast through periodic planning of inventory levels and replenishments.
Supply chain planning systems
Today, the term advanced planning and scheduling is typically used for software products in the distribution and supply chain area. DeKok and Fransoo (2002) and Fransoo et al. (2001) have analyzed these supply chain planning solutions and concluded that the development focus has been on improved optimization ± virtually to the exclusion of practical implementation challenges. This focus on optimization can be considered problematic. Optimization algorithms typically require accurate and complete data to function correctly. In practice, manufacturing companies can seldom achieve this state of affairs more often than once a month or once a week (Euwe and Wortmann, 1997) . It is also dif®cult to include customer or supplier information in the plans since the data available is usually not accurate enough. In addition, even if accurate information is available from some partners, it is usually not available from all, which means that the completeness requirement is not met.
Increasing demand visibility
This is also the typical situation in VMI. Generally, only part of the manufacturer's customer base is involved in VMI and increasing the adoption rate takes time, making it dif®cult to utilize the additional demand visibility available from VMI partners.
In practice, it is our experience that many companies have chosen to link VMI to their production planning and inventory control systems in a way that emulates order-based operation. Often, when a VMI replenishment is triggered, this leads to an order being generated in the vendor's system. The vendor's planning system then treats this ªVMI orderº as any other order and uses it to load production and update forecasts. The customer sell-through data is, thus, neglected in order to make all customers look alike from a system point of view. A question that arises is whether there are opportunities to implement VMI in a way that the more accurate sell-through data, available from VMI-customers, can be ef®ciently utilized?
Bene®ting from demand visibility in production and inventory control Some general ideas on how manufacturers can bene®t from increased demand visibility in their production planning and inventory control have been presented. Silver et al. (1998) present the idea of basing production planning and inventory control on sell-through data attained from customers, but does not discuss the practical implementation. Lee et al. (2000) develop an analytical model to study the effect of information sharing in a two-level supply chain. The model quanti®es the inventory and cost levels when information on nonstationary demand is shared openly between the retailer and manufacturers in comparison to the situation where only orders are placed. Disney and Towill (2001) present a similar idea: controlling the manufacturer's production and inventory using the customer's sell-through data, instead of using order or delivery data.
However, most of the visibility research only considers the ideal situation of demand data being readily available from all downstream partners, or focuses on relationships involving only one vendor and one customer. There is little research discussing the problems related to dealing with a mix of VMI and non-VMI customers. In the rare cases where partial information availability is discussed, the link to production planning and inventory control is still not explicitly examined. Waller et al. (1999) , for example, use simulation to examine the effect of VMI adoption rates on inventory levels in a supply chain. The core of their VMI model is, however, increased inventory review and replenishment triggering frequency. No production and inventory control solution that would utilize the demand information available from the VMI customers is presented.
Research focus
In this paper, we build on the research and visibility models presented by Lee et al. (2000) , Disney and Towill (2001) and Silver et al. (1998) . We expand their ideas by including several customers ± both VMI and non-VMI ± in the supply IJPDLM 33,4 chain model, and by employing a simple production planning and inventory control scheme that allows the manufacturer to use VMI customers' sellthrough information as well as traditional orders from non-VMI customers in parallel. Using simulation, we then examine how the level of visibility, i.e. the number of VMI customers, affects the manufacturer's production ef®ciency. In addition, we analyze how products' different demand characteristics and the manufacturer's production planning cycle length affect the bene®ts of increased visibility.
Methodology and simulation model design
Based on the identi®ed gap in the literature, the following research problem was formulated. What is the effect of increased visibility of customer sellthrough data on the performance of a manufacturer's production and inventory control?
To study the impact of increased visibility we chose to use discrete-event simulation. This is in accordance with Maloni and Benton's (1997) recommendation to use simulation models as a way to critically evaluate the bene®ts of supply chain partnerships. A simulation model provides a convenient lab environment for testing the effects of different factors. In addition, simulation facilitates the involvement of experts from industry as both the model and the results are usually reasonably easy to understand.
To be able to construct a simulation model that was as realistic as possible we worked closely with a fast moving consumer goods manufacturer involved in VMI. The company currently has a VMI agreement with one of its largest customers, but also serves several non-VMI customers. The VMI implementation has already proven valuable both to the manufacturer and the distributor. It has, among other things, reduced the distributor's workload and improved communication between the companies. Still, the manufacturer believes that additional bene®ts could be attained if the demand information available through VMI could be used more effectively in its production and inventory control processes.
The supply chain model used in the simulation runs was designed to model the situation of the case manufacturer in one of its primary markets. Actual sell-through data available from the VMI implementation, as well as the examined products' actual minimum replenishment quantities, were used in the simulation runs. In addition, after the simulation runs had been completed, the results were reviewed with the manufacturer.
The simulation model
The supply chain model used in the simulation runs consists of one manufacturer serving three distributors, which in turn serve several retail outlets. Although Figure 1 illustrates a situation where one of the distributors Increasing demand visibility is involved in VMI and the two others employ traditional orders, all VMI adoption rates ± zero, one, two or three VMI distributors ± are examined.
The retail outlets in the simulation model order products from the distributors daily. VMI is not employed between the distributors and the retail outlets, although this could easily be incorporated in the model. The reason why orders are used is that this is how the case supply chain currently operates. The real-life demand data used in the model, therefore, represent a situation in which retail outlets place orders. However, as the focus of the simulation study is on the manufacturer's operational performance and how it changes with the adoption rate of VMI among the distributors, the replenishment model employed downstream in the supply chain does not affect the results as long as it is consequently the same throughout the study, as it is here.
In the simulation runs, actual sell-through data from the case manufacturer's VMI implementation is used to model the retail outlets' orders. From a 60-week period of daily sell-through data from the VMI distributor, 21 products having stable demand and belonging to one product category were selected. Seasonal products and products introduced or discontinued during the observed period were discarded. To model multiple distributors, the original sell-through data was divided into three 20-week sections, which were then used as the demand for the three distributors in the simulation model. The resulting demand pattern is reasonably realistic as the VMI distributor stands for approximately onethird of the case manufacturer's total sales and the ordering patterns of the different retail outlets can be assumed to be quite similar.
The distributors ful®ll the retail outlets' orders and manage their own inventories using a re-order point control mechanism. For non-VMI distributors this means that they place orders when a product's inventory level has dropped below a speci®ed re-order point. For VMI distributors, the manufacturer monitors the distributors' inventories and generates a replenishment request whenever a re-order point is reached. For both VMI and non-VMI customers, the re-order points are determined using statistical independent inventory control formulas with a normal distribution assumption (Vollman et al., 1997, p. 712) . In reality, the inventory control parameters would be regularly updated and include forecast information. However, since only products with stable demand were selected for examination, both parameter updates and forecasts could be omitted. In addition, in our model, the re-order points and inventory control logic of the distributors are unaffected by their status as VMI or non-VMI distributors, although, in reality, the inventory control parameters in VMI would be determined by the manufacturer and the VMI distributors cooperatively. The main difference between VMI and non-VMI distributors in our model is, thus, the degree of demand visibility. Whereas the manufacturer has access to replenishment requirements as well as sell-through data (i.e. the distributors' deliveries to the retail outlets) from the VMI distributors, it only has access to order information from non-VMI distributors.
The manufacturer ships products to the distributors on a daily basis according to purchase orders and replenishment requirements. For production scheduling the manufacturer uses the period batch control for standard products presented by Burbidge (1994) . A weekly, bi-weekly or monthly planning and production cycle is employed. The manufacturer loads its production with a combination of the VMI distributors' sell-through data from the previous period as well as the non-VMI distributors' orders. Manufacturing is not capacity constrained. At the beginning of each simulation run, the manufacturer's safety stock is initialized to be high enough so that all orders and replenishment requirements can be ful®lled.
The simulation model was created using the AutoMod 9.0 simulation software. The detailed logic of the simulation model is presented in the Appendix (see Figure A1) .
Variables
The main relationship we set out to examine was between the level of visibility, i.e. access to distributor sell-through data, and the bullwhip or demand variability ampli®cation experienced by the manufacturer. We also looked at two control variables in order to examine how the main external factor, i.e. the retail outlets' demand fed into the model, and the main internal factor, i.e. the production planning frequency used in the model, affected the results of the simulation runs.
The independent variable, level of visibility, was studied by moving from none to one, two, and all three distributors being involved in VMI. The demand characteristics control variable was examined by looking at 21 different products with different demand volumes and minimum replenishment Increasing demand visibility quantities. The other control variable, production planning frequency, was examined by looking at three different scenarios: weekly, bi-weekly and monthly planning and production cycles.
The dependent variable, bullwhip, was measured as the relative or absolute standard deviation of the manufacturer's production load.
Bullwhip is de®ned by Fransoo and Wouters (2000) as:
where c out and c in represent the relative standard deviation of demand measured upstream in the supply chain (c out ) and downstream in the supply chain (c in ), respectively. The relative standard deviation c is de®ned as the standard deviation (s) of demand (D) divided with the demand mean (m ) for a speci®ed time interval [t; t + T]:
In this article, c in refers to the relative standard deviation of demand experienced by the distributors and c out to the relative standard deviation of demand experienced by the manufacturer. Since production is unconstrained and loaded directly with the demand experienced by the manufacturer (VMI distributors' sell-through data and non-VMI customers' orders), the relative standard deviation of the production load is equal to c out . In addition, since the same customer demand is used in all simulation runs, c in does not change between runs and does not need to be discussed when presenting the results. Therefore, from here on, we will use the production load standard deviation, either relative or absolute, to express the different factors' impact on the manufacturer's production and inventory control ef®ciency. Reducing production load standard deviation is key to achieving lower inventories, improving delivery accuracy and improving capacity utilization.
Simulation results
In order to study all factor combinations, a total of 252 simulation runs were conducted (see Figure 2) . First, the impact of the distributors' VMI adoption rate on the manufacturer's production ef®ciency was examined. This was done by increasing the number of VMI distributors one by one, and measuring the impact on the manufacturer's production load variability. Second, 21 products with different replenishment frequencies were studied in order to establish how a product's demand characteristics, i.e. demand volume and minimum replenishment quantity, affect the value of increased visibility. Third, three different production planning cycle lengths ± one week, two weeks and four weeks ± and their relationship to the value of increased demand visibility were examined.
Effect of increasing visibility
The primary objective of the research was to examine how increased demand visibility, i.e. increased access to distributor sell-through data, affects the manufacturer's production ef®ciency. This was examined by increasing the number of VMI distributors one by one and measuring the effect on the manufacturer's production load variability. Although the simulations were conducted for three different production planning cycle lengths, only the results attained using the shortest planning cycle will be discussed here. We will return to the impact of planning cycle length on the value of visibility in a later paragraph. The ®rst change from no VMI distributors to one VMI distributor, as can be seen in Table I , resulted in a moderate average reduction of production load variability. The average variability reduction was 14 percent, but there were noticeable differences between the individual products. For some products, the reduction was not important, only a few per cent, whereas the maximum reductions were over 20 percent.
Next, the number of VMI distributors was increased to two, resulting in twothirds of the manufacturer's production requirements being based on distributor sell-through data and one-third on traditional orders. The effect on production load variability was noticeable. Compared to the base case of no VMI distributors, the reduction in production standard deviation was on average 28 percent for the products examined.
The full visibility scenario, i.e. all three distributors involved in VMI, further reduced variability. Compared to the base case of no VMI distributors, full visibility reduced production load standard deviation with 41 percent on average. The results were, once again, different for different products. The smallest reduction was, however, over 20 percent and the largest as much as 65 percent. Figure 3 illustrates what happens when the number of VMI distributors increases. As the number of VMI distributors increases, the manufacturer can replace more and more order data with sell-through data in its production planning and inventory management. This means that the distorting effect of distributor order batching is removed, leveling out the highest peaks and lowest valleys in demand. Of course, due to the natural variation in demand as well as the order batching of the retail outlets, some variation still remains in the data even in the situation that all distributors are involved in VMI.
Increasing demand visibility
Change in bullwhip 1/3 VMI (%) 2/3 VMI (%) All VMI (%) Effect of product demand characteristics When assessing the effect of increased visibility on the manufacturer's production load variability, considerable differences between the products could be observed. Whereas the reduction in variability for some products was remarkable, up to 65 percent, for other products the value of information sharing seemed much smaller. In order to examine these differences a bit closer, we focused on the two characteristics differentiating the products: the products' average demand and their minimum replenishment quantities. By plotting the change in production load variability against a combination of these characteristics ± the average number of replenishments per week ± a pattern could be detected. This pattern revealed that the impact of increasing demand visibility was, in general, greater for products with low replenishment frequencies, i.e. typically C-products, than for products with high replenishment frequencies, i.e. typically A-products. This is illustrated graphically in Figure 4 for the change from no visibility to full visibility in the model supply chain. The replenishment frequency and the relative reduction in production load variability in Figure 4 are also statistically correlated (R 2 = 0:62, p , 0:001). The most important bene®t of distributor sell-through data when compared to traditional orders is that one level of order batching is removed. This means that the impact of access to distributor sell-through data is typically greater for products with signi®cant order batching, i.e. products whose minimum replenishment batches are large in proportion to their average daily or weekly demand. For these products, access to distributor sell-through data signi®cantly speeds up the information¯ow within the supply chain. For Increasing demand visibility products with high replenishment frequencies, the change is less dramatic. As can be seen in Table II , an increase in demand visibility reduces the production load variability for all products. However, the change is larger for the products with low replenishment frequencies than those with high replenishment frequencies. When the proportion of VMI distributors is high, the production loads of all products behave similarly.
Effect of planning frequency
The third factor that we studied was the impact of the manufacturer's production planning frequency on the value of increased demand visibility. Although some companies employ a weekly planning cycle or, in some extreme cases, a daily planning cycle, many companies still use a longer, monthly planning cycle that enables them to optimize production capacity utilization. The relationship between planning cycle length and value of increased visibility is, therefore, of great practical interest.
In order to examine this relationship, simulation runs with three different planning cycle lengths were conducted. Flexible production employing a weekly planning cycle was contrasted with less¯exible production using planning cycles of two weeks and one month (see Table III Our analysis showed that the three situations signi®cantly differed from one another right from the start. When using traditional orders, the relative standard deviation of the production load was, on average, 30 percent for the weekly planning cycle. When using a two-week cycle, the average relative standard deviation was smaller, around 21 percent. Finally, a monthly planning cycle reduced deviation even further, down to an average of 13 percent. These ®gures show how the importance of the order-batching phenomenon is reduced when using a longer production planning cycle. The long planning period also smoothens out variation between weeks. Against this background, it comes as no surprise that the results of our simulations indicate that, other things being equal, increased visibility is more valuable when using a shorter production planning cycle. The average reduction in production load standard deviation when moving from a situation with no VMI distributors to full VMI adoption was 41 percent when using a weekly planning cycle, whereas it was only 29 percent for the two longer production cycles. That is, when full adoption of VMI reduced the average production load variability from 30 percent to 17 percent when using a weekly planning cycle, the reduction was from 21 percent to 14 percent for the bi-weekly planning cycle, and from 13 percent to 9 percent for the monthly planning cycle (see Table III ).
To summarize, the simulation runs demonstrate that there is a strong link between the manufacturer's production planning cycle and the potential bene®t of VMI. However, one can also look at the situation from the opposite point of view: the results indicate that VMI can make it possible for a manufacturer to bene®t from shorter planning cycles, without having to face the full negative impact of production load variability on capacity utilization. VMI thus reduces the trade-off between ef®cient capacity utilization and¯exible production.
Conclusions
The simulation model presented in this paper builds on the work of, for example, Disney and Towill (2001) and Lee et al. (2000) , but adds some important new factors to the analysis.
First, the shift from one customer to multiple customers made it possible to examine the impact of partial visibility on the manufacturer's production and inventory control. This is a very important point of view since situations in which demand information, such as sell-through data, is available from all Average production load standard deviation (standard deviation of results) Weekly planning (%)
Bi-weekly planning (%) Monthly planning (%)
No VMI 30 (7) 21 (6) 13 (4) 1/3 VMI 26 (7) 19 (5) 11 (4) 2/3 VMI 22 (5) 17 (4) 10 (3) All VMI 17 (4) 14 (3) 9 (2) Increasing demand visibility customers are rare. The simulations demonstrated that, by combining traditional order data with sell-through information available from VMI customers, the manufacturer could bene®t even from a partial increase in visibility. This presents a signi®cant practical challenge to manufacturers as well as enterprise resource planning and advanced planning and scheduling solution providers, since the planning and control solutions currently used typically provide only limited support for combining different types of demand information.
Second, the examination of several products with somewhat different replenishment frequencies enabled important observations. Cachon and Fisher (2000) found, in their single-product simulation study, that for stationary demand, the impact of more frequent ordering typically outweighs the bene®ts of information sharing. Approaching the problem from a product range perspective, as in this study, reveals that there is an important relationship between the value of information sharing and a product's order frequency. Our simulation study indicates that products with low replenishment frequencies are likely to bene®t more from increased visibility. The result is in accordance with the ®ndings of Kaipia et al. (2002) , who used analytical modeling to develop a measure for the value of demand visibility and made similar observations regarding the different effects on different product types.
The managerial implications of this ®nding are signi®cant. VMI presents an opportunity to increase inventory management and production ef®ciency especially for C-products, without having to face the potential inef®ciencies, such as less-than-pallet deliveries, caused by increased ordering frequency. The simulation results suggest that the bene®ts of VMI are likely to be greater when the product range is wide, i.e. when there are several C-products. VMI also presents an opportunity to extend the product range without decreasing production ef®ciency. This is an important observation for companies considering the implementation of VMI and which products to involve in it.
Third, the examination of the impact of production planning frequency on the value of visibility was very fruitful. Order batching and, therefore, demand variability ampli®cation are more important problems when short planning cycles are used. This means that the impact of increased visibility is greater for short planning cycles. Hence, the selected planning cycle length directly affects the results of the study. This suggests that more attention should be paid to this factor when further studying VMI and supply chain visibility. The results also illustrate the need to test the main factors embedded in simulation models to examine what their impact on the results is.
The examination of the production planning frequency variable also provided some interesting managerial insights. The simulation results indicate that companies should not expect signi®cant bene®ts for products with stable demand when employing long planning periods. This can be one of the reasons why the bene®ts of VMI sometimes have been disappointing. However, VMI also presents an opportunity to move towards shorter planning periods and the IJPDLM 33,4 positive effects it brings, such as increased opportunities to react, without sacri®cing production ef®ciency.
Limitations and further research
This paper examined one type of automatic replenishment program ± VMI. An important question is whether the simulation results are generalizable to such other replenishment programs as continuous replenishment planning or quick response. We believe that the results are generalizable at least to some extent. The main characteristic of the simulation model studied was that the manufacturer gained access to distributor sell-through data and thus could remove the impact of the distributors' order batching on the demand information used for production and inventory control. The ®ndings should, therefore, be applicable to a wide range of situations in which manufacturers get access to downstream demand data, such as customer sell-through data or retail outlet point-of-sales data. However, as the different automatic replenishment programs give the manufacturers different levels of authority and different rights to organize replenishments, they can, in some situations, ®nd it dif®cult to realize the potential bene®ts of increased visibility. If, for example, a manufacturer has access to its customers' demand information but still has to operate based on the customers' sometimes surprising orders, it may be dif®cult to eliminate buffers in the supply chain (Kaipia et al., 2002) .
Another notable limitation of the research is that it only looks at products with stable demand. From a supply chain management point of view, this type of demand is the least challenging and the easiest to manage. Interestingly, the simulation results indicated some notable ef®ciency improvement opportunities resulting from the implementation of VMI even for this type of demand. Limiting the examination to products with stable demand may, however, cause the model to appear unrealistic. Although the situation is indeed unrealistic, we argue that the results are still valid. There is no reason to assume that the positive effects of eliminating distributor order batching would be any smaller for, for example, seasonal products. In fact, since VMI provides an opportunity to look forward by revealing demand downstream in the supply chain, the arrangement is likely to be more valuable for products with changing demand. However, in these situations the importance of other factors, such as accurate forecasts, increase and these need to be incorporated in the supply chain model. More research on VMI for products with varying demand is, thus, needed. The next step is to, as Lee et al. (2000) did for their single-product, single-customer analytical model, include different types of changing demand in the simulation model and examine how this affects the results.
Although the production planning and inventory control model used in the simulation is somewhat more complex than earlier models, it still provides a very simpli®ed picture of reality. To be able to deal with strong seasonality, product introductions, and promotions, forecasts need to be included in the Increasing demand visibility model. This is, in fact, the same step that the fast moving consumer goods industry has taken when moving from automatic replenishment programs, such as VMI, to more comprehensive collaboration models, such as collaborative planning forecasting and replenishment (CPFR) that also include planning and forecasting. In addition, different types of production constraints, such as batch constraints and capacity constraints, as well as more sophisticated production planning algorithms could be introduced to make the model more realistic and, thus, more valuable for companies trying to bene®t from demand visibility by implementing VMI.
Finally, it is important to keep in mind that models are always simpli®cations of reality. Therefore, more case studies focusing on companies that have implemented VMI and studying the bene®ts they have attained as well as the problems they have faced in practice are needed. This is the only way to get reliable information on the actual processes employed by the companies as well as on the important relationship issues that are so critical to the success of collaborative approaches such as VMI.
